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ABSTRACT
Preliminary design s tudies were performed on
f o u r con t inuous ly var iab le t ransmission (CVT)
concepts for use in advanced electr ic vehicles.
A 1700 kg (3750 Ib) v e h i c l e . w i t h an energy stor-
age f lywhee l was s p e c i f i e d . Requirements of the
CVTs were a maximum torque of 450 N-m (330
Ib-f t) , a maximum ou tpu t power of 75 kW (100 hp) ,
and a f lywheel speed range of 28 000 to 14 000
rptn. The design of each concept was carr ied
through the -des ign layout stage. Power losses
were determined over the ranges of operating con-
d i t ions , and transmission e f f ic ienc ies were cal-
cula ted . The design s tudies were performed under
con t rac t s to NASA for DOE by Garret t /AiResea rch
( toroidal t r a c t i on C V T ) , Ba t t e l l e Columbus Labs
(steel V-bel t CVT) , Kumm Industries ( f l a t belt
variable d iamete r pu l l ey C V T ) , and Bales-McCoin
Trac t ionmat ic (cone-rol ler traction CVT) .
FLYWHEEL ENERGY STORAGE can improve the perform-
ance of electric and hybr id vehicles (1 to 4).*
Also, the f lywhee l o f f e r s short- term energy stor-
age and leveling of current draw on the batter-
ies. W i t h a f l ywhee l , e lec t r ic vehicle perform-
ance can be main ta ined over the l i fe of the bat-
tery regardless of age or depth of discharge of
the battery (5 ) . Ac tua l performance tests show
that regenerative braking can increase the range
of e lectr ic vehicles ( 6 ) . A flywheel can be used
for regenerative braking by t ransfer r ing kinetic
energy f rom the vehicle to the f lywheel .
Studies have recently been completed on the
conceptual design of several advanced electric
vehicle propuls ion systems (7 and 8). Three of
the four systems studied inc lude f lywhee ls . The
f l y w h e e l s are e i ther mechanically or e lec t r i ca l ly
coupled to the drive t rain. For f lywheels me-
chanical ly coupled, a cont inuously variable
transmission (CVT) is required to provide match-
ing of the independent f lywheel and vehicle
speeds. CVTs are also being considered for elec-
tric vehicle systems wi thout f lywheels and have
shown some advantages, such as reducing the re-
quired bat tery weight (8).
At present , CVTs have not been su f f i c i en t l y
developed for immediate appl icat ion to electric
*Numbers in parentheses designate References at
end of paper.
vehicles. A s ign i f i can t f a c t o r in this applica-
tion is the broad ratio range required of the CVT
for a system with a f lywheel , since the f lywhee l
speed may be at its maximum value when the vehi-
cle speed is lowest. Other concerns raised in
the propuls ion sys tem design s tudies of (7 and 8)
are l i fe , we igh t , and cost of CVTs suitable for
e lect r ic vehicles.
To ini t ia te a development program for CVTs,
preliminary design s tudies were performed on f o u r
CVT concepts which include t r ac t ion and variable
belt types. These s tudies were performed as a
part of the DOE- E lec t r i c and Hybrid Vehicle Pro-
gram under cont rac t to NASA Lewis Research Center.
by the contractors l isted in tab le I. Each study
was for the preliminary design of a specific CVT
for a 1700-kg (3750-lb) vehicle conta in ing a
1.8-MJ (0 .5 kWh) energy s to r age f lywhee l . Re- .
quirements of the CVTs were a f lywhee l speed
range of 28 000 to 14 000 rpm, a maximum o u t p u t
torque of 450 N-m (330 Ib - f t ) , a maximum output
power of 75 kW (100 hp) , and an output speed
range of zero to 5000 rpm. Following these pre-
liminary design s tudies , two or more of the CVT
concepts are to be se lec ted for detai led design,
fabr ica t ion, and tes t ing w i t h a goal of making an
advanced CVT avai lable for use in electr ic vehi-
cles by the year 1985.
The object ive of each of the design studies
was to de te rmine the best arrangement of a speci-
fic CVT concept , select and size the components
for a 90-percent survival l i fe of 2600 hours, and
determine power losses and eff ic iencies over the
range of operating conditions. A preliminary
design layout of each CVT was completed. The
results of these design studies were published in
references (9 to 12). In this paper, the results
of the studies are summarized, and the CVTs are
compared based on such criteria as e f f i c i e n c y ,
size, weight, cos t , and the extent of new tech-
nology advancements required to make each CVT
sui table for electric vehicles.
DESIGN REQUIREMENTS AND CRITERIA
The preliminary design of each CVT concept
was performed within certain design requirements
and cri ter ia specified in each contract statement
of work. These design requirements were not se-
lected for any specific vehicle but as a common
basis for comparisons among the various CVT con-
cep ts . The CVT was to be arranged .in the vehicle-
drive train shown in f igure 1. A 1700-kg (3750-
lb) vehicle was specified which included a 1.8-MJ
(0. 5-kWh) maximum usable energy f lywheel . Selec-
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tion and sizing of components was based on Che
fol lowing f a c t o r s :
1. The speed ra t io of the CVT was to be con-
tinuously control lable over the range of input
speeds ( f l y w h e e l o u t p u t ) of 28 000 to 14 000 rpm
and output speed ( d i f f e r e n t i a l i npu t ) of zero to
5000 rpm. The option was available to select a
cont inuously control lable minimum CVT output
speed of 850 rpm and use a slipping clutch ele-
ment to regulate d i f f e r e n t i a l input speed to
zero. Using the 850 rpm minimum speed, the ratio
range required of the CVT is 11.76 to 1.
2. The maximum transient power output was 75
kW (100 hp) .
3. The maximum transient torque ou tpu t at
wheel slip was 450 N-m (330 Ib - f t ) .
4. The maximum time from maximum to minimum
reduction rat io, or vice versa, was to be 2 sec-
onds or less.
5. The l i f e of the CVT was to be 2600 hours
at a 90-percent probabi l i ty of survival (10-per-
cent l i f e ) . ' This l i f e was to be est imated at a
weighted average ou tpu t power of 16 kW (22 h p ) ,
an output speed of 3000 rpm, and an input speed
of 21 000 rptri.
6. The CVT was not required to provide re-
verse ro ta t ion for reverse vehicle motion, since
reverse could -be accomplished by reversing elec-
tric motor rotation.
7. The CVT was to be capable of bi-direc-
tional power f l ow for regenerative braking and
charging of the f lywheel .
8. The CVT was to be capable of withstanding
all sudden shock loads and sudden torque condi-
tions that would reasonably be expected in typi-
cal automotive applications.
9. The CVT was to include a means to disen-
gage the f lywheel f rom the drive train for park-.
ing and reverse.
The CVT and associated drive system compo-
nents were to be designed on the basis of the
following cri ter ia in order of overall importance:
1. High e f f i c i e n c y - The CVT was to have
high e f f i c i e n c y over its entire operating spec-
trum. Special a t ten t ion was to be given to maxi-
mizing e f f i c i ency at those operating conditions
in which it spends most of its operating time,
that is, the specific weighted average power and
speeds given above.
2. Low cost - Future product ion costs of the
CVT on a basis of 100 000 uni t s per year was to
be an early consideration. The use of special
manufac tu r ing processes and materials was to be
avoided. Design techniques and drive system com-
ponents such as bearings, gears, and seals were
to be typical of and consistent wi th automotive
practice.
3. Size and weight - The overall size and
weight of the CVT, including suitable controls
and all ancillary mechanical components, were to
be not s igni f icant ly greater than present automo-
tive transmissions of equal horsepower capabil i ty.
4. High re l iab i l i ty - The CVT was to be de-
signed to operate a minimum of 2600 hours with a
90-percent reliabili ty at the weighted average
power and spee'd conditions given above.
5. Noise - Potential noise generating
sources were to be eliminated or noise that was
unavoidably generated was to be contained wi th in
the housing.
6. Controls - The control system used to
operate the CVT was to be s table and reliable,
was to provide driver "feel" and response s imi la r
to that of a current automatic transmission
equipped, internal combustion engine passenger
vehicle. The control sytstera was to be an inte-
gral part of the CVT design.
7. Maintainabil i ty - The CVT was to be de-
signed with main ta inabi l i ty equal to or better
than that of cur rent automatic transmissions.
All internal components which require normal
maintenance or occasional replacement were to be
made readily accessible.
DISCUSSION OF CVT CONCEPTS
The four CVT concepts for which design stud-
ies were performed for the e lectr ic vehicle wi th
f lywheel application are listed in table I. In
this section, the basic concept and the arrange-
ment of each CVT wi l l be discussed.
STEEL V-BELT CVT - The steel V-belt CVT ar-
rangement is shown schematically in f igure 2.
Two steel, variable ratio V-belt and pulleys in
series are used to cover the 11.76 ratio range
required. A modula t ing c l u t c h is used to vary
output speed f rom 850 rpm to zero, to disconnect
the f lywheel / t ransmiss ion from the rest of the
drive train, and to protect the CVT f rom sudden
torque transients. A 2.8 to 1 spur gear set re-
duces the f lywheel speed to that of the high-
speed belt .
The pair of V-belt drives act as reducers
only, as power f lows f rom the f lywheel . The max-
imum reduction ratio range of the high-speed belt
is from 1:1 to 3.94:1. For the low-speed belt ,
the range is from 1:1 to 3.31:1. The high-speed
belt carries less torque and its cross section is
somewhat smaller than the low-speed belt.
Figure 3 is a preliminary layout of the
steel V-belt CVT. The CVT is controlled by an
electro-hydraulic control system. The axial
clamping force of the pulley is provided "by hy- .
draulic pressure applied in a chamber behind one
face of each pulley set. This force is required
to prevent belt slippage and accomplish ratio
changes. Individual ly controlled hydraulic pres-
sures are applied to each of four pul leys and
also to the hydraul ical ly actuated modulating
clutch. The hydraul ic pressure required at each
location is computed by a vehicle microprocessor
and is based on the amount and direction of
torque desired and on the instantaneous ratios.
The axial force imposed on the pul leys is regula-
ted to provide the best compromise between drive
performance and belt l i f e .
Shif t ing is accomplished by increasing or
decreasing the axial force on the appropriate
pulleys. During sh i f t ing , one pul ley sheave
slides on the shaft . The other sheave is f ixed
to the shaft . The shaf t is f r e e . t o move axia l ly ,
but is constrained by an axially grounded syn-
chronizing link in such a way as to keep the belt
centerline in a f ixed position. This action
avoids the belt misalignment tha t occurs wi th the
usual simple means of shift ing where only one
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sheave is moved. The hydrau l i c control f l u i d s
are communicated to the cont ro l cy l inders th rough
face seals at the pu l l ey support ih 'af t ends and
then through the shaft . More details of the
steel V-belt CVT are g iven in reference ( 9 ) .
Steel V-Belt Features - The steel compres-
sion V-bel t proposed for use in th i s CVT has had
some prior hardware development by the authors of
reference ( 9 ) . The steel be l t is similar in con-
s t ruc t ion to the bel t used by van Doorne in
Holland in their indus t r ia l va r i ab le speed d r ives
and in prototype au tomobi le t ransmiss ions (13) .
The steel V-bel t proposed consis ts of a ser-
ies of solid cross s t ru t s , s t rung along a single
set ef nested f l ex ib l e bands in such a manner as
to a l low them to s l ide f ree ly along the bands.
The belt is i l l u s t r a t ed in f igu re 4. The ends of
the s t ru t s contact the f ace of the V-shaped pul-
leys. The strut sides contact each other and
transmit compressive forces f rom s t ru t to s t ru t
along the length of the belt. It is by means of
these "pushing" forces that power is t ransmi t ted
from p u l l e y to pu l ley . The dr iver pu l l ey pushes
the driven pu l ley th rough the stack of struts .
The belt is thus termed a compression bel t . The
bands which conta in the i nd iv idua l s t ru t s carry a
tensile force which is essent ial ly unvarying
throughout the length of the bel t . This tensile
force is somewhat g rea te r than the maximum com-
pressible force being t r ansmi t t ed . The bands
force the s t ru ts in to the grooves of the pul ley
and keep the bel t f r o m Duckling. De ta i l s of the
proposed s t rut design, band mater ia l , and compo-
nent stresses are given in reference ( 9 ) .
Control System. - The proposed electro-
hydraul ic control system, using an overal l vehi-
cle control microprocessor, incorporates closed-
loop torque feedback . The control system o u t p u t
signals operate the hydraul ic valves which apply
hydraul ic pressure to the appropr ia te pulley and
the modula t ing c lutch.
FLAT BELT CVT - The arrangement of the f l a t
belt CVT is shown schematical ly in f igure 5. A
f l a t rubber belt and a pa i r of pul leys which can
be made to change d i ame te r are used in combina-
t ion w i t h a d i f f e r e n t i a l gearing arrangement.
The CVT uses a conventional automotive type syn-
chronizer to s h i f t f rom a low-speed (power recir-
cu la t ing) mode to a high-speed (d i rec t dr ive)
mode of operation, thus using the rat io range of
the variable pul leys twice to cover the required
speed range down to zero o u t p u t speed.
The power f low passes through both the belt
and the planetary d i f f e r e n t i a l gear in the low-
speed mode, and th rough the belt only in the
high-speed mode. The d i rec t ion of power f l o w
through the belt in the high-speed mode is re-
versed f rom the power f l ow in the low-speed mode,
tha t is, driver and driven pul ley func t ions are
reversed.
The f l a t belt CVT arrangement in f igure 5 is
slightly d i f f e r en t than that shown in figure 1.
In the f l a t belt CVT, the electric motor is shown
at the input of the CVT, rather than between the
CVT and the wheels. This option would a l low the
use of a higher speed dc motor w i t h projected
advantages of improved e f f i c i e n c y , smaller size,
and l ighter weight. It does not s igni f icant ly
alter the required operating ranges or conditions
imposed on the CVT. An e l ec t r i c c lu t ch is loca-
ted between the f l y w h e e l input and the motor in-
put to disengage the f l y w h e e l for reverse opera-
tion by the motor. Gearing reduces the speed at
which the var iab le pu l leys operate to a maximum
of approximately 10 000 rpra. The total ra t io
range of the variable pu l leys is 4:1.
Figure 6 is a prel iminary layout of the f l a t
belt CVT. More deta i ls are given in reference
( 1 2 ) .
Fla t B e l t , Var iable P u l l e y Fea tures - The
unique components in the f l a t belt CVT are the
variable d iamete r pu l l eys shown in figure 7.
Variable d i a m e t e r operation is accomplished by a
series of drive elements which are located be-
tween pai rs of inner and ou te r discs and posi-
tioned rad ia l ly by opposi tely angled, curved
guideways . As the inner and outer discs are ro-
ta ted through a small arc relative to one
another , the elements are moved radially to a
larger or smaller radius as desired. The use of
radial ly movable e lements such as these wi th a
f l a t rubber bel t is described in a U . S . patent by
Kumm (14).
The inner and ou te r d i scs of each pul ley are
positioned and moved by a hydraulic actuator
which rotates wi th the pu l l ey ( f i g . 8). The in-
ner discs are connected to one side of pressur-
ized t r iangular volume sectors (case) in the ro-
tary ac tua tor and the outer discs are connected
to the other side ( sha f t ) of the sectors. The
f lu id pressure d i f f e r e n c e between the sectors
causes the inner and outer d iscs to rotate in
opposite direct ions through a small arc. The
torque developed by the rotary ac tua to r , results
in moving the drive elements toward a d i f f e r e n t
radius on each pul ley to tension the bel t to pre-
vent slippage.
. Applying a large pressure d i f f e r e n t i a l be-
tween the actuators of the two pul leys wil l cause
the drive elements to be positioned at a larger
radius on one pulley and at a smaller radius on
the other pulley, due to the result ing tensions
and f ixed belt length. Thus, by cont ro l l ing the
pressures to the ac tua tors , the speed ra t io of
the transmission may be varied over the l imi t of
the p u l l e y geometry while t r ansmi t t ing power at
various speeds. Appropriate seals are used to
keep the hydraulic actuat ing and lubricating
f lu id out of the f l a t belt cavity.
Control System - A single lever control is
used by the operator to select the vehicle
speed. This lever moves a spool in the speed
servo valve to o b t a i n e i the r an increase or de-
crease in transmission torque ou tpu t . The hy-
draul ic system then controls the pressure to the
rotary actuators . A torque sensor is used in
combination w i t h the hydraul ic rotary actuators
to vary the tension on the f l a t belt as needed to
prevent bel t slippage wi thou t overloading.
Another port ion of the hydraul ic c i rcu i t is used
to control the speed ratio across the pul leys ,
according to the position of an operator ac tua ted
single lever.
The s h i f t f rom the low-speed to the high-
speed mode and vice versa, occurs when the drive
elements of pulley A (see f ig . 5) have reached
thei r maximum radius, at which t ime the low-speed
and high-speed gears in the synchronizer are at
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the same speed. At tha t t i m e , an e l e c t r i c a l
solenoid au tomat ica l ly operates the synchronizer.
TOROIDAL TRACTION CVT - The preliminary de-
sign layout of the toroidal t r a c t i o n ' C V T is shown
in f igure 9. It is a dua l - to ro ida l cav i ty drive
wi th two rollers per cav i ty wi th power recircula-
t ing gearing. It is i n f i n i t e l y var iable so that
the ou tpu t s h a f t may be brought to zero speed
w i t h o u t a c lu tch . The design incorporates three
gear sets w i t h i n the CVT housing.
The input s h a f t is connected to the flywheel
through a 3:1 planetary reduction gearset. The
car r i e r of this gearset can be released w i t h a
c l u t c h mechanism to decouple the CVT f rom the
f lywheel . The ring gear of the reduction gearset
connects d i rec t ly to the rr.ainshaft of the CVT.
On the mainshaft are the input (outer) toroidal
discs and the sun gear of the planetary d i f fe ren-
t ia l output gea r se t . The o u t p u t ( inner) toroidal
discs are geared to the ring gear of the ou tpu t
p lane ta ry d i f f e r e n t i a l gearset through the trans-
fer s h a f t . The planet ca r r ie r of th i s gearse t is
connected to the o u t p u t s h a f t .
Power f l o w th rough the CVT is in through the
input reduction gea r se t , across the toroidal cav-
i t ies , th rough the t r a n s f e r s h a f t , and out
through the ou tpu t p lane tary gearset . Part of
the power f l o w s to the o u t p u t s h a f t ; the remain-
ing power returns through the sun gear of the
o u t p u t gearset to the input toroidal discs. Thus
the power rec i rcu la t ing between the toroidal cav-
ities and t h e ' o u t p u t gearset is always somewhat
grea te r than the ou tpu t power. The ou tpu t s h a f t
rotates in the same d i r ec t ion as the ring gear.
M i n i m u m ' o u t p u t speed occurs when the toroidal
drive is in reduction. The total ra t io range
across the toroidal c a v i t y is approximate ly
5.8:1. A to rque l imit ing device is included ir.
the t r a n s f e r sha f t to sl ip at a predetermined
torque level, l imi t ing overloads on the drive.
Toroidal t r ac t ion drives for automobile ap-
pl icat ions are not new, having seen ear ly use
over 50 years ago. Cur ren t ly , in Europe a simi-
lar dua l -cav i ty toroidal t rac t ion dr ive is being
developed (15) for spark ignition engine applica-
t ion.
Toroidal Cavi ty Fea tures - The proposed to-
roidal t rac t ion drive is a fu l l - to ro id or on-
center con f igu ra t i on . This means that the center
of the load rollers is at the center of the to-
roidal c av i t y .
The two input discs of the dual-cavi ty to-
roidal drive are a t t a ched to the main s h a f t . The
ou tpu t d iscs are connected to each o ther by a
sleeve; one disc f i r m l y a t t a c h e d and the other
splined to the sleeve to a l low axial movement . A
load cam mechanism, located between the output
discs , controls the normal force between the
discs and the drive rollers as a' f unc t i on of the
torque on the o u t p u t d i scs . The load cam is
pinned to the output gear which meshes w i t h a
gear on the t r a n s f e r s h a f t . As the output to-
roidal d i s c s are drive-n, the cam rollers roll
agains t the ou tpu t d isc and load cam, generat ing
an axial force on the ou tpu t discs . This force
increases d i r ec t ly wi th torque on the o u t p u t
d iscs . Its magni tude is control led by the shape
of the load cam.
The axial fo rce loads the ou tpu t discs
against the inpu t d i scs th rough the d r ive roll-
ers. It is reacted by the m a i n s h a f t , and is iso-.
la ted from the housing. The normal force on the
t rac t ion c o n t a c t i s d e p e n d e n t ' o n the axial f o r c e
and the o r i en ta t ion of the dr ive ro l le rs in. the
toroidal cavi ty . The load cam mechanism assures
that there is a lways s u f f i c i e n t contact load to
transmit the required t r ac t ion force wi thout slip
whi le min imiz ing the amount of overloading.
The drive rollers are posit ioned between the
input and output discs by t runnions as shown in
f i g u r e 10. The trunnions a l low the axis of the
rollers to rotate in the toroidal cavity. A hy-
drau l ic force balance roller control system is
employed to pos i t ion the roller. The roller po-
s i t ion sets the ratio across the toroidal c a v i t y ,
thereby controlling output speed.
Control S y s t e m - The CVT ratio is control led
by applying a transverse force to the drive roll-
ers so that the rollers steer to the rolling
paths on the d iscs that produce the commanded
t i l t or ratio change. This is a force- feedback
ac tua t ion system tha t is hydrau l i ca l ly operated
wi th pressure-balanced hydrau l i c load control
cyl inders as shown in f i gu re 10.
Transverse movement of the drive rollers in
the toroidal cavi ty changes the t angen t ia l fo r ce s
on the drive roller. Steering action occurs w h e n ,
the sum of the tangent ia l forces on a ro l ler are
d i f f e r e n t f rom the force f rom the hydrau l ic cyl-
inder. The rol ler seeks the posi t ion where the
forces are balanced. Each rol ler is control led
independently by its own hydrau l ic cyl inder .
W i t h al l cy l inders connected in pa ra l l e l , a l l the
rollers must f ind a roll pa th where they wil l
have equal tangential forces and thus equal
loads. By control l ing the hydrau l i c pressure in
the c y l i n d e r s , the t angen t i a l forces on the roll-
ers, and hence the torque produced by the trans-
miss ion , is control led . More de ta i l of the con-
t rol system and its operat ion is given in refer-
ence (11).
CONE ROLLER TRACTION CVT - The prel iminary
design of the cone-roller t rac t ion CVT is shown
in f igure 11. The variable ra t io por t ion of the
CVT cons is t s of a t ract ion roller which can be
moved axia l ly along and in contac t wi th f o u r in-
clined cones, thus varying the rolling radius of
the cones. The CVT includes a rec i rcu la t ing pow-
er d i f f e r e n t i a l gear set at the ou tpu t to accom-
plish the required ra t io range. An input plane-
tary gear set reduces the f lywheel speed by a
f ac to r of approximately 3. A band c lu tch is used
on the input ring gear to decouple the f lywhee l
for reverse vehicle operat ion and parking.
Power f low is f rom the carr ier of the input
reduction gear set to a splined th rough-shaf t
which carries the axially-roovable t ract ion roll-
er. The t ract ion roller drives the cones which
in turn drive the ring gear of the ou tpu t plane-
tary through a set of bevel-helical idler gears.
The carrier of the o u t p u t p lane ta ry is the o u t p u t
of the CVT. The sun gear of the output plane-
t a ry , a t tached to the th rough-shaf t , reci rculates
power back to the t r ac t ion assembly. This pro-
vides the d i f f e r e n t i a l action which allows the
outpu t speed range of 850 to 5000 rpm to be ac-
complished. For lower output speeds, the f ly-
wheel is decoupled by the c lu tch on the input
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planetary . The ra t io range across the cone/
rol ler t r ac t i on drive is f rom 1.7:1 to 6.2:1
overdrive for a total of approximately 3.6 over-
all .
Var iab le -Ra t io Assembly - The t r ac t ion roll-
er is pos i t ioned along the through-shaf t on a
bal l spline by a worm-screw drive as shown in
f igure 11. The normal load in the t rac t ion con-
tacts is suppl ied by a hyd rau l i c pis ton which
contains a ba l l bearing suppor t ing the smal l end
of each cone. The magni tude of the normal load
is con t ro l l ed by modu la t ing the pressure in the
hydrau l ic cy l inder . The control system varies
this pressure according to o u t p u t torque require-
men t s .
Control System - The t rac t ion contact con-
trol system u t i l i zes a microprocessor to make
maximum use of the torque capaci ty of a t ract ion
con tac t . The ins tan taneous torque capac i ty of a
t ract ion contact depends on the normal load be-
tween the roller and cones and the ava i l ab le
t r a c t i o n coef f ic ien t of the lubricant under the
given opera t ing conditions. The relat ion between
t rac t ion force (or torque capac i ty ) and slip in
the con tac t for a given normal load, lubr ican t ,
and operat ing condi t ion is shown in f igure 12. A
peak is present which is the maximum t ract ion
force tha t can be t r ansmi t t ed before impending
slip. The slip value occurr ing at the peak can
be thought of as the opt imum sl ip value for a
given normal load. The peak is higher for higher
normal loads. The control sys tem is designed to
keep the condi t ions in the t rac t ion contact at or
near this peak since the normal load would be at
its lowest value to transmit the required torque.
Encoders and toothed discs a t tached to the
cones and the rollers moni tor their rotational
speeds. A linear t ransducer moni tors the axial
posi t ion of the t ract ion roller. Ins tantaneous
slip condit ions are determined by comparing the
measured speed rat io and the reference geometr ic
ra t io ( f r o m rol ler axia l pos i t ion) . The micro-
processor analyses the in fo rmat ion based on the ,
ra te of change of s l ip wi th normal load and sends
an o u t p u t signal to the pressure m o d u l a t i n g valve
in the cone loading' hydraul ic system. System
pressure is increased when the s l i p ' i s too high,
so tha t a greater normal load is imposed which
w i l l reduce the slip to the required value. Con-
verse ly , pressure is decreased if s l ip is too
low, to increase s l ip to the requ i red value . By
cont ro l l ing loads in this manner , e f f i c i e n c y and
l i f e of the CVT can be improved. Fur the r d e t a i l s
of the cone-roller t rac t ion CVT and control sys-
tem are given in reference (10).
PREDICTED PERFORMANCE - The. pre l iminary de-
s ign of each CVT was eva lua ted for power loss,
e f f i c i e n c y , we igh t , and. size. To es t ima te the
e f f i c i e n c y , the l o s se s . i n the bear ings , gears ,
and seals were combined w i t h hyd rau l i c system
losses and t r ac t ion contac t losses or bel t con-
t a c t losses, as a p p l i c a b l e , to give overal l CVT
losses. The losses were c a l c u l a t e d over the op-
era t ing range of the CVT.
The ca lcula ted e f f i c i e n c i e s for each CVT are
shown in f igu re 13 for an ou tpu t power of 16 kW
(22 hp) and an ou tpu t speed of 3000 rpm over the
range of f l ywhee l speeds. This condi t ion is a
weighted average power cond i t ion used to des ign
and compare the va r ious CVTs on the basis of l i f e
ami e f f i c i e n c y . A very s m a l l e f f e c t of input
( f l ywhee l speed) is shown. The steel V-bel t and
f l a t be l t CVTs show p r e d i c t e d e f f i c i e n c i e s some-
what greater t han the to ro ida l t r a c t i o n and
cone-ro l le r t r a c t o n . CVTs but all are in excess of
90 pe rcent .
In table II , e f f i c i e n c i e s at several typ ica l
vehic le opera t ing c o n d i t i o n s a re shown. A g a i n , ,
the steel V-bel t and f l a t be l t CVTs tend to have
a s l i gh t advan tage at nea r ly al l cond i t ions , "but
all e f f i c i e n c i e s are high, in the range of 86.5
t o 9 7 p e r c e n t . . .
One of the c r i t e r i a for the pre l iminary de-
s ign was t h a t the s i z e and weight should not be
s ign i f i c an t l y grea te r t h a n present au tomot ive
t ransmiss ions of e q u a l power ra t ing . No res t r ic-
t ion on shape or i n p u t / o u t p u t relat ive pos i t i on
( s u c h as inline or o f f s e t ) were given. As seen
by the layouts in f i g u r e s 3, 6, 9, and 11, the
shapes vary cons ide rab ly . Table III gives dimen-
sions of the fou r CVT designs . The two t r a c t i o n
CVTs have inl ine i n p u t and o u t p u t s h a f t s , whereas
both bel t - type CVTs have o f f s e t s .
The e s t i m a t e d w e i g h t s of the f o u r CVT de-
s igns are also given in tab le III. All are equa l
or less than the weight of comparable au tomat ic
t ransmiss ions which gene ra l ly are in the range of
f rom 68 to B2 kg (150 to ISO I b ) .
Cost e s t ima tes based on h igh volume m a n u f a c -
ture of 100 000 un i t s per year were d i f f i c u l t to
make because de ta i l ed d rawings were not prepared
. in the pre l iminary des ign. However, there are
many s imilar i t ies between the' pa r t s of these CVTs
and present a u t o m a t i c t ransmiss ions . M a c h i n i n g
and processing techniques for the unique CVT com-
ponents are or w i l l be w e l l es tabl ished by the
time p roduc t ion commences. I t is , the re fore ,
expected tha t cos ts per pound for the CVTs would
be s imi lar to t h a t of present au toma t i c trans-
missions.
TECHNOLOGY ADVANCEMENTS REQUIRED - Before
these CVT concepts wi l l be viable for large-scale
elect r ic vehicle app l i ca t ion , extensive t e s t i n g
and development wi l l be . r equ i red . The f o u r CVT
concepts have received d i f f e r e n t levels of pre-
vious development . None of them are present ly in
produc t ion for au tomot ive use. The basic con-
cepts of steel V-belt s, toroidal t r ac t ion dr ives ,
and cone-roller t rac t ion dr ives have each been
fab r i ca t ed and tes ted and have had some pro to type
testing in in te rna l—combus t ion engine automo-
b i l e s . The f l a t bel t C V T , on the other hand, has
not yet been f a b r i c a t e d or t e s t ed .
To s a t i s f y the. design requi rements and cri-
t e r ia of th i s program, each of the CVT concepts
require unique components and advancements in
technology as iden t i f i ed by the con t r ac to r s in
references (9 to 12).
For the s tee l V-bel t C.VT, the se lec t ion of
band ma te r i a l and de te rmina t ion of i ts f a t i g u e
s t rength is of prime importance. Cost e f f e c t i v e
means of f ab r i ca t ing the band and the s t ruts cf
the steel V-bel t w i l l need to be developed. The
elec t rohydraul ic con t ro l valves required for pul-
ley a c t u a t i o n w i l l require some development to be
cost e f f e c t i v e in an au tomot ive system.
The f l a t belt CVT has been designed to use
ex is t ing f l a t bel t technology. I t is possible
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chat improved f l a t belt cons t ruc t ion , perhaps as
described in reference ( 1 2 ) , could give improved
belt l i f e or a l low grea te r bending s t resses to be
used in the bel t . The va r i ab l e pu l l ey concep t ,
not having been f a b r i c a t e d or t es ted , w i l l re-
quire some development to p e r f e c t i ts opera t ion .
In a d d i t i o n , the f a b r i c a t i o n of strong, l ight-
weight drive e lements must be made cost e f f e c -
t i v e , poss ibly by using e x t r u s i o n or cas t ing pro-
cesses. . • •
For the t r a c t i o n type CVTs, special lubri-
c a n t s mus t be used that exhibit a high c o e f f i c i -
ent of t rac t ion , that is, the rat io of the trans-
mi t t ed t angen t i a l force to the normal fo rce in
the contact . These t rac t ion f l u i d s , as they are
ca l led , al low the use of lower contac t loads and,
t hus , give longer rol l ing-element f a t i g u e l i f e to
the t r ac t ion contac t s and higher power dens i t y
than convent ional lubr ican ts .
Some development of t r ac t ion f l u i d s is
needed. The change in v i s cos i t y w i t h tempera ture
for typica l t r a c t i o n f l u i d s is grea te r than ac-
cep tab le for automot ive use. Therefore , the vis-
cosity index m u s t be improved. Air entrainment
in t rac t ion f l u i d s has been observed in some
cases to be greater than acceptable and needs to
be minimized.
In add i t ion , more test da t a is needed on the
t rac t ion propert ies of these t rac t ion f l u i d s un-
der condi t ions s imula t ing those in ac tua l t rans-
missions. The l imi ts on the amount of contact
power loss that can be tolerated before s u r f a c e
damage occurs in the t r ac t i on con tac t s also needs
to be determined.
All four of the CVT concepts require control
systems that respond rapid ly to d r iver commands
and contro l the magni tude and d i rec t ion of power
f l o w through the CVT. This requirement is d i f f i -
c u l t since the CVT is located between the f ly-
wheel and the vehicle , both of which have high
inert ia.
It is desired tha t the control system pro-
vide a driver fee l s imilar to that of cur rent
automobiles wi th automatic t ransmiss ions .
W h e t h e r s imi lar dr iver "feel" could be achieved
wi th a f lywheel-e lect r ic vehicle or whether
drivers would accept a d i f f e r e n t d r iveab i l i ty
charac te r i s t i c are quest ions which as of now are
unanswered. In tomorrow's automobile , the trans-
m i s s i o n control sys t em would necessar i ly be inte-
grated wi th the vehicle cont ro l sys tem which
wi l l , in all l iklihood, use a microprocessor.
Control systems us ing microprocessors should pro-
vide smooth, re l iable opera t ion of a CVT equipped,
f lywheel -e lec t r ic vehicle .
PERFORMANCE TESTING - As a follow-cfn e f f o r t
to the preliminary d e s i g n s tud ies , it is planned
that at least two of the -concepts w i l l be selec-
ted for de ta i l ed des ign , f a b r i c a t i o n , and per-
formance tes t ing. Cr i te r ia for selection of
those concepts for f u r t h e r work i nc lude the per-
formance predic ted in the preliminary s t u d y , the
c o n f i d e n c e that the concept can f u l f i l l the de-
sign requirements and c r i t e r ia spec i f ied , the
degree of risk a n t i c i p a t e d w i t h the development ,
and the amount of previous and current develop-
ment on similar concepts.
The follow-on e f f o r t s are expected to be
performed in two phases. Initially, the critical
va r i ab le - ra t io elements of each CVT wi l l be fab-
r ica ted and t e s ted . In a second phase, pending
encouraging resul ts f rom the i n i t i a l phase , the
ent i re CVT would be f a b r i c a t e d and t e s t e d . This
program is expected to be a 3 to A year e f f o r t ,
and should make one or more of the CVTs avai lable
for prototype e l ec t r i c vehic le t e s t i ng by 1965.
The technology developed in th i s program is
expected to be su i tab le for use in a l t e r n a t e ve-
hicles such as hybrid e lect r ic vehicles, e lec t r ic
vehicles w i t h o u t a f l y w h e e l , or heat engine ve-
hicles. These a l ternate vehicles would require
d i f f e r e n t power ratings and speed ratio ranges
f r o m those designed for the f lywhee l / e lec t r i c
vehicle, but the va r i ab le - ra t io element and i ts
technology would be d i r ec t ly applicable.
SUMMARY
In summary, preliminary design s tudies were .
per formed on f o u r CVT concepts for use wi th a
f l y w h e e l equipped e lec t r ic vehicle of 1700 kg
gross weight . The f lywhee l speed range was f rom
28 000 to 14 000 rpro, delivering a maximum of 75
kW through the CVT whose o u t p u t speeds ranged
f r o m zero to 5000 rpm. S y s t e m l i f e was to exceed
2600 hours at a 90-percent probabi l i ty of survi-
val. E f f i c i e n c y , size, we igh t , cost, reliabil-
i t y , m a i n t a i n a b i l i t y , and controls were evaluated
for each of the four concepts . The CVT concepts'
• s t u d i e d cons is ted of a steel V-belt type
( B a t t e i l e ) , a f l a t rubber bel t t y p e (Kumm) , a
toroidal t rac t ion t y p e (A iResea rch ) , and a cone/
roller t ract ion type (Bales -McCoin) .
All CVTs exhibi ted relat ively high calcula-
ted e f f i c i e n c i e s (86 to 97 percent) over a broad
range of vehicle operat ing condi t ions . Es t imated
weight and size of these t ransmiss ions were com-
parable to or less than an equivalent au tomat i c
transmission. The preliminary des igns generated
under this study were s u f f i c i e n t l y promising to
p lan de ta i l ed des ign , f ab r i ca t i on , and perform-
ance tes t ing phase with at least two of the con-
cep ts .
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Table I. - CVT Concepts for Preliminary Design Study
CVT Concept
Steel V-belt
Flat be l t
Toroidal t rac t ion
Cone-roller t ract ion
Cont rac tor Reference
ba t t e l l e Columbus Labs 9
Columbus, O h i o
Kumm Indus t r i e s , Inc. 12
Tempe, A r i z o n a
Gar re t t Corporation 11
AiResearch M a n u f a c t u r i n g
Co. of Ca l i fo rn i a
Torrance, California
Bales-McCoin Tract ionmatic 10
El Paso, Texas
Table II. - Predic ted E f f i c i e n c y of CVT Concepts at Selected V e h i c l e
Condit ions at a Flywheel Speed of 21 000 irpm
Condit ion
Normal accelera t ion
•
Low-speed cruise
High-speed cru ise
Maximum power and speed
Outpu t
Speed,
rpm
1250
2500
4500
5000
O u t p u t
Powe r,
kW
7.5
5
15
75
Steel
V-belt
91.
92.
96.
96.
8
0
4
5
E f f i c i e n c y , percent
Flat Toroidal Cone- ro l le r
Belt Traction Traction
92.
90.
92.
97.
5
0
5
0
69. 7
9 2 . 2
92.4
90.4
66.
88.
91.
89.
5 •
8
7
5
Concept
Table I I I . - Dimensions and W e i g h t s of CVT. Concepts
Dimensions, cm( in . )
Length W i d t h Height
Steel V-belt
Fla t bel t
Toroidal t rac t ion
Cone-roller t r ac t i on 41.3(16.3) 27.4(10.8) 27.4(10.8)
O f f s e t
b . 1 ( 2 . 4 )5 2 : 2 ( 2 0 . b ) 31.5(13.8) 24.8(9 .8)
30.1(11.9). 48.4(19.0) 47 .6(18 .8) 28.1(11.1)
67 .3 (26 .5 ) 23 .8 (9 .4 ) 36.2(14.3) 0
0
Contrac tor ' s
est imated
w e i g h t ,
kg( lb)
70.3(155) -
44.5(98)
62.6(136)
31. 8(70)
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Figure 9. - Preliminary layout of torodial traction CVT (11).
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Figure 1L\ - Hydraulic load control cylinders for drive rollers
for toroidal traction CVT 111).
TRACTION
ROLLER-i r-
CONE LOADER -, \ \
-CONE
rCONE ENCODER
'' r BEVEL/
' HELICAL
/ / IDLER
CLUTCH
OUTPUT TO
(MODULATING
CLUTCH)
OUTPUT PLANETARY
INPUT PLANETARY
Figure 11. - Preliminary layout of cone-roller traction CVT (10).
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Figure 12. - Traction force as function of slip and normal load
in a traction contact.
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Figure 13. - Predicted efficiencies of the
four CVT preliminary designs at an out-
put power of 16 kW and an output speed
of 3000 rpm.
